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We present a type of dark energy models where the particles of dark energy are dynamically 
produced via a quantum transition at very low energies. The scale where the transition takes places 
depends on the strength g of the interaction between <j) and a relativistic field ip. We show that a 
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gives a generation scale Eg 



1 eV with a cross section a ~ 1 pb close to the WIMPs 



cross section an, ~ pb at decoupling. The number density of the (f> particles is a source term in 
the equation of motion of that generates the scalar potential v{(j}) responsible for the late time 
acceleration of our universe. Since the appearance of (j> may be at very low scales, close to present 
time, the cosmological coincidence problem can be explained simply due to the size of the coupling 
constant. In this context it is natural to unify dark energy with inflation in terms of a single scalar 
field (j). We use the same potential «(</>) for inflation and dark energy. However, after inflation 
(f> decays completely and reheats the universe at a scale Ehh oc mpi, where h is the coupling 
between the SM particles and tp. The field disappears from the spectrum during most of the 
time, from reheating until its re-generation at late times, and therefore it does not interfere with 
the standard decelerating radiation/matter cosmological model allowing for a successful unification 
scheme. We show that the same interaction term that gives rise to the infiaton decay accounts for 
the late time re-generation of the (j> field giving rise to dark energy. We present a simple model 
where the strength of the g and h couplings are set by the infiation scale Ei with g = h? cc Ej/mpi 
giving a reheating scale Erh oc Ej and (^-generation scale Egen <x E^/m-pi <S^ Er,h- With this 
identification we reduce the number of parameters and the appearance of dark energy is then given 
in terms of the inflation scale Ei . 



I. INTRODUCTION. 

The nature and dynamics of Dark Energy " DE" , which 
gives the accelerating expansion of the universe at present 
time, is now days one of the most interesting and stimu- 
lating fields of physics. It was discovered more than ten 
years ago ^ and it has been confirmed by further cos- 
mological observations, being now one of the most robust 
conjecture in modern physics. In fact the acceleration of 
the present universe has many experimental proofs such 
as the CMB temperature and fluctuations |4|] , in the mat- 
ter power spectrum measured by galaxy surveys and 
in type la supoernovae 0, B Q ■ 

The most popular model is the so called ACDM model, 
in which a cosmological constant and some amount of 
cold dark matter are included "by hand". Despite its 
extraordinary consistence with observations, ACDM is 
an effective model that leaves many unsolved theoreti- 
cal question. In fact the existence of the cosmological 
constant and its order of magnitude have no theoreti- 
cal justification in ACDM. The cosmological coincidence 
problem, that is why the universe is starting to accelerate 
right now, is also unsolved. Introducing a cosmological 
constant at the initial stages of the standard cosmolog- 
ical model is specially troublesome since one has to fine 
tune its value to one parte in 10^^*^. This problem can be 
ameliorated if we understand when and how dark energy 
appears in the universe and this is the main motivation 
of our present work [T7| . However, our approach will also 
help us to unify dark energy with inflation. 



An attractive dark energy alternative to the ACDM 
model consists in introducing a "quintessence" scalar 
field (j) that generates the accelerating expansion 
of the universe due to is dynamics. The dynamics is fixed 
by its potential and it is possible to choose poten- 
tials that lead to a late time acceleration of the universe 
[3] . This scalar field can be a fundamental or composite 
particle as for example bound states [l^]. In the second 
case, the bound quintessence fields are scalar fields com- 
posed of fundamental fermions, such as meson fields, and 
can be generated at low energies as a consequence of a 
low phase transition scale due to a strong gauge coupling 
constant ^27i] . This allows to understand why DE appears 
at such late times. On the other hand, in the former case 
the appearance of fundamental scalar field is right at the 
beginning of the reheated universe and the acceleration 
of the universe takes place at a much later time due to 
the classical evolution of the quintessence field (/). The 
huge difference in scales between the reheating and dark 
energy scales requires a fine tuning in the choice of the 
potential. 

Here, we present an interesting alternative, namely 
that the emergence of the fundamental quintessence par- 
ticles (j) is originated from a quantum transition tak- 
ing place at low energies, e.g. as low as eV 0. The 
scale where this transition takes places depends on the 
strength of the interaction between cj) and a relativistic 
field and it is dynamically determined by the ratio 
T/H where F is the transition rate and H the Hub- 



ble constant. A value of the coupling g 



10 



-12 



gives 



2 



a generation scale Egen — 1 eV with a cross section 
a = g"^ /32TrEgen — Ipb close to the WIMPs cross section 
~ 0{pb) at decoupling [l^. The subsequent acceler- 
ation of the universe is due to the classical evolution of 
(j) due to the scalar potential Our quantum gener- 

ation scheme does not aim to derive the potential v{(j)) 
but to understand why dark energy dominates at such a 
late time. Clearly, by closing the gap between the energy 
today Eo, where the subscript o always refers to present 
time quantities, and that of (j) production Eg^m we do not 
require a fine tuning of the parameters in «(</>). Since the 
appearance of (f> may be at such low scales this offers a 
new interpretation and solution to the cosmological co- 
incidence problem in terms of the size of the coupling 
constant g. 

Furthermore, this late time production of the (/) parti- 
cles allows to implement in a natural way a dark energy- 
inflaton unification scheme. In this scenario, after infla- 
tion the field (j) decays completely and reheats the uni- 
verse with standard model particles. The universe ex- 
pands then in a decelerating way dominated first by ra- 
diation and later by matter. At low energies the same 
interaction term that gives rise to the inflaton decay ac- 
counts for the quantum re-generation of the (j) field giving 
rise to dark energy. In general, it is not complicated to 
choose a scalar potential such that the universe acceler- 
ates in two different regions, at early inflation and dark 
energy epochs, as in quintessential models [lH|. How- 
ever, the universe requires to be most of the time dom- 
inated first by standard model relativistic particles and 
later by matter. The reheating of the universe and the 
long period of decelerating phase are usually not taken 
into account in inflation-dark energy unification models 
and these features are essential in the standard cosmo- 
logical Big Bang model. In our case, the inflaton-dark 
energy field is completely absent during most of the time 
(from reheating until re-generation) and therefore it does 
not interfere with the standard cosmological model. We 
will exemplify our inflation-dark energy unified scheme 
with a simple model. The scalar potential v{(j)) will 
have only two parameters fixed by the conditions to give 
the correct density perturbations Sp/p and the present 
time dark energy scale. The two couplings /i, (7, which 
give the strength of reheating process with SM parti- 
cles and the re-generation process at low energies, re- 
spectively, are free parameters but we may take them as 
g = (X Ei/nipi, where Ej is the scale of inflation and 
it is one of the parameters of v{(p). Therefore, starting 
with four free parameters we can reduce the number to 
only two and these two are fixed by observations. This 
gives a reheating scale Ejjh oh Ej and ^-generation scale 

Egen OC Ej/Vflpl < Erh- 

The paper is organized as follows: in section [IT] we give 
an overview of the late time quantum generation of the 
quintessence field 4> and its possible unification with the 
inflaton field. In section IIIII we present the dark energy 
quantum generation in detail. In section IIIII we show 
how to unify inflation and dark energy in terms of a sin- 



gle scalar field in the context of our dark energy quantum 
generation process and we present a simple model. Fi- 
nally, in section |V] we present the main phenomenological 
consequences of our model while in section IVTl we resume 
and conclude. 

II. OVERVIEW 

To avoid any future confusion we state the terminology 
used in this work. We define as usual the energy of the 
universe at any given time as £' = p^/^ or for a i-species 
as Ei = /C^''. For particles we take their energy Ea as 
Ea = {Pa + ^TT-aY^^j whcrc Pa, ma are the momentum and 
mass of the a-particle. If the particles are relativistic and 
in thermal equilibrium then one can define a temperature 
T with an energy density pa = ^gaT and number den- 
sity Ua — (,{?>)/ Ti"^ g a T^, with ga the relativistic degrees 
of freedom and C(3) ~ 1.2 is the Riemann zeta func- 
tion of 3. The energy distribution of thermalized par- 
ticles is strongly piked around the mean value E = fT 
with f = {p/nT) = 7r''/30C(3) ^ 2.7 and we identify 
the energy of the particle Ea with the average energy 
Ea = Ea — rT. We will loosely refer then to either 
the temperature or the energy of the (thermalized) rela- 
tivistic particles and we will work in natural units with 
rripi = I/SttG = I but we will reintroduce the correct 
energy dimensions when convenient. 

We will first present the quantum generation process 
of dark energy field cf) and wc will later discuss the pos- 
sibility to unify it with the inflaton field. As mentioned 
in the introduction, the main goal of this paper is to de- 
scribe how the dark energy field may be generated at a 
very late time via a quantum transition process and how 
the scalar potential f ((/>), responsible for the late time 
acceleration, is generated. Once v{(j)) is produced, the 
classical equation of motion gives the dynamics of (f), and 
choosing an appropriated flat v((j)) at low energies en- 
sures that the universe enters an accelerating epoch close 
to present time. This work does not aim to derive the 
potential v{4>) but to understand why dark energy dom- 
inates at such a late time. Of course, by closing the gap 
between the energy today Eo and that of 4> production 
Egen there is a no longer a fine tuning of the parameters 
in v((j)). 

We describe now the generation process. We take a 
universe filled with standard model SM particles and an 
extra relativistic field (p and no (j) particles, i.e. = 0. 
The if particle is not necessarily contained in the SM 
(however, an interesting possibility is to associate (p with 
neutrinos) but we require that at time of (/)-generation 
p^{Egen) > Pde{Eo). In the context of inflation-dark 
energy unification the p must have been in thermal 
equilibrium with the SM and therefore ~ T-^ with 
~ {.g-4i/ gfei )^fei ^ where g^p and gf^i are the rela- 
tivistic degrees of freedom of p and the SM respectively 
and ^f^i is the density of SM relativistic particles. Since 
we want to produce the cf) particles via a quantum tran- 
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sition process we couple it to (p via an interaction term 
Lint, e.g. Lint = g^V^ or Li^t = gcjj^'p^. In order to 
produce the cf) particles at low energies we require that 
the interaction rate F of the quantum process must be 
initially smaller than the Hubble parameter H and the 
ratio T / H should increases with the expansion of the uni- 
verse. This will happen if T decreases less rapidly than 
H . For example if we have a 2 ^ 2 process of relativis- 
tic particles the transition rate scale as F cx g'^T^ and 
Ho^Tl giving V/H = Tg,„/T^ a g^/T^, where we have 
taken ~ Tj. The (f) particles production starts then 
for temperatures T below T^en oc g^, where T/H > 1. 
The energy scale at which the (f> is generated is fixed by 
the coupling constant g, so the coincidence problem is 
explained in terms of the strength of the interactions of 
the (j) field. In particular one can generate the cf) field 
at low energies, e.g. Egen — leV with g ~ 10^^^ giv- 
ing a fine structure constant a = 5^/47r ~ 10~^^ and 
a cross section a ~ (7^/327r£'^g„ ~ Ipb. The value of 
a is quite close to cross section of WIMP dark mat- 
ter with nucleons tr^j — pb [IBl- Since we can choose 
the coupling g in such a way that the (j) is generated 
at low energies close to present time, this offers a new 
interpretation of the cosmological coincidence problem: 
dark energy domination starts at such small energies be- 
cause of the size of the coupling constant g. For a (jj- 
generation energy of Eg^n — 1 the ratio in energy 
densities from the appearance of the fundamental field (f> 
to present time is pde/ Pgen = 10~^^ and should be com- 
pared to a case where (j) is present at the Planck time 
Ppi with Pde/PpI = 10"^^**, giving a difference in ratios 
of 112 orders of magnitude. Therefore, the amount of 
fine tuning in the parameters of the dark energy poten- 
tial v{(j)) is much less sever in our case than in a standard 
quintessence dark energy model. The production of the 
(j) particles gives rise to the scalar potential v{(j)) and the 
field (f) will then evolve classically given by its equation 
of motion. Of course, we still need to choose v{(j>) appro- 
priately to give dark energy, for example v{(j)) = vdeoJJ> 
with vdeo the present time dark energy potential [14| . 
We stress the fact that the dark energy behavior of the 
universe is due to the form of the potential v{(j)) but the 
energy Eg^n at which the (p is generated is fixed by the 
coupling constant g. An interesting possibility is to unify 
inflation and dark energy using the same scalar field cf) in 
our dark energy quantum generation picture (17|. We 
assume that 4> has a potential v{4>) which gives an early 
inflation at Ej , as in standard inflationary models 3| . In 
this case we use the coupling Lint = g 4"f^ to allow the 
(j) field to decay into ip particles after inflation, via the 
process 6 ip + (p -\- ip. This decay process is very effi- 
cient [2l| and the (j) decays completely disappearing en- 
tirely from the spectrum of the universe. In order to pro- 
duce SM particles, the ip is coupled with the SM via the 
standard interactions Lint = hip"^ or ^mt = V^i ip 'ip'ip 
with X, if) SM scalar or fermions, respectively. Reheat- 
ing of the early universe takes place via a 2 ^ 2 process 
ip -\- ip x-f-xor p + p ^ Ip + Ip with a transition 
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FIG. 1: We plot the logarithms of the energy densities pi, 
with the density of (j) field (black line), if field (red dotted- 
line), radiation (yellow line) and of matter (blue dashed line) 
against the number of e-folds A'' — Log[a]. We see how at 
Nrh the (j> field disappears and the universe is reheated. At 
Ngen the (j) field is re-generated and the ip field disappears. 
We see how the (j) field is rapidly diluted and than maintains 
nearly constant at p^ ~ pde- At late times close to present 
time, i.e. at A*' ~ No, the field starts to dominate and inflate 
the universe. 



rate Trh, for Trh/H = Trh/T^p cx h'^/T^ > 1 at an en- 
ergy scale Erh oc /i^. Because of its couplings, the SM 
particles and p are in thermal equilibrium at the time 
of reheating, and as long as ip remains relativistic one 
has rtip ~ ^SM gip/gsM- After reheating p^ evolves as 
radiation and eventually it will re-generate the field, 
at an energy Eg^n oc g^. The re-generation process of 
can be produced with the same interaction Lint = g 4"P^ 
as the inflaton decay at Ei. A main difference in the 
transition processes at Ej and at Eg^n is the size of the 
mass of (j). It varies quite significantly and we should 
have m^{Ei) > m^{Egf,n) and also Egen > m^iEgen)- 
In this case the infLaton-dark energy potential v{(j)) must 
be chosen to be flat at high energy Ej, to give inflation, 
and at low energy Eg to accelerate the universe at present 
time. The reheating energy Erh oc h? and the (p gen- 
eration energy Egen oc are fixed by the coupling con- 
stants h and g independently of the potential v{(j)). In the 
model presented in section IIVI we set g = (x Ei /nipi 
reducing the number of parameters and connecting the 
inflation scale to the 0-generation and to the reheating 
scales, Egen oc Ej /nipi, Erh (x Ej. As mentioned in the 
introduction, any unification of inflation and dark en- 
ergy, such as quintessential models, need to explain how 
the universe is reheated with SM particles and must ac- 
count for the long period of decelerating universe. In our 
model we are able to explain both features in a consistent 
way. 

We give a schematic picture of the inflation-dark en- 
ergy unified model showing in fig.H]) the evolution of the 
logarithms of the energy densities of the and p fields, 
radiation and matter. We start with a (j) dominated uni- 
verse and then at Nrh, where N = ln(a) with a{t) the 
scale factor, the 4> field decays and disappears, reheating 
the universe. After reheating the universe is radiation 
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dominated, as in the standard cosmological model, and 
radiation includes the SM relativistic degrees of freedom 
plus the extra relativistic field ip. At Ng^n the field is 
re-generated with p^^ ~ p^p^ , where p^^. is the value of p^ 
at the end of the generation process and p^p^ is the value 
of p,p at the begin of the (j) generation. At the same time 
the Lp field decays and prei diminishes. After the gener- 
ation, is rapidly diluted and subsequently maintains 
nearly constant at p^ ~ poE and it starts to dominate 
close to present times, i.e. at N ~ No, infiating the uni- 
verse. 



III. THE (j> GENERATION. 

In this section we describe the quantum generation of 
the quintessence scalar field 4> and the subsequent ap- 
pearance of the dark energy behavior of the late universe 
due to the classical evolution of 0. In what follows we as- 
sume a universe that consists of the particles of the stan- 
dard model "SM" together with a massless scalar field 
if and a quintessence scalar field 4> coupled together via 
a four particle interaction, as for example Lint — g (f'V^ 
or Lint = 9(f^ '■P^- The <p field is also coupled with the 
SM through the interactions Vhiftpip or hip^x^^ where 
■0 and X are some SM fermions or scalars respectively. 
We assume that at temperatures above 1 TeV all the 
SM particles and ip are relativistic and ip is in thermal 
equilibrium with = Trad- As long as tp is relativistic 
~ Trad and ~ Q^^l where is the SM 

radiation density and Qip^Qr^^ are the relativistic degree 
of freedom of ip and SM, respectively. We also suppose 
that at temperatures T ^ leV the universe does not 
contain any particles, therefore the number density of 
<j) particles is zero = fi^ = 0. 

We will show that the field </> is generated via the quan- 
tum transition Lp + ip^ip + (j)oiip + Lp—t(j) + (j) with a 
transition rate Tp+^^tp+^ = = {ogenv) = 

Tgen, where tTgen = g^/327r£'^ is the cross section for a 
2^2 relativistic particle process, v is the relative veloc- 
ity and Tiip is the density number of the (p particles [25| . 
This take place at energies below Eg^n — Cgen 9^ with 
Cgen a constant, when Tgen/H > 1. At the end of the 
generation one has fJ^^. ~ flip- , where flip, is the ip den- 
sity at the begin of the particles production, and also 
ripf <^ ^Pi- The production of relativistic particles (f> 
becomes a source term for the generation of the scalar 
potential v{(f>). Once v{(j)) has been produced the clas- 
sical equation of motion gives the evolution of (j). The 
acceleration of the universe is then due to the form of 
scalar potential w (</>). 

We consider a system composed by two scalar fields 
(j) and (f plus SM, in a flat FRW metric, with a density 
lagrangian 

L = + VT{(t>, P) + LsM (1) 



B{ip) +Vint{4':'P)j ^{(j)) and B{(p) are the classical poten- 
tials of the two scalar fields (j) and ip and Wi„t(0, (^) = 
— Li„f (0, </?), where Lint is the interaction lagrangian. 
Lint plays a double role: it affects the classical evolution 
of the two scalar fields and it also originates the quan- 
tum transitions between (f> and ip particles that we use to 
generate the (j) field at late times. We divide the (j){t, x) 
field into a classical background configuration (l)c{t) plus 
a perturbation S(f>{t, x) as (f>{t, x) = 4)c{t)+S4>{t, x), where 
S(j)(t, x) corresponds to the quantum configuration of the 
(j) field {(p particles). The background (j)c{t) and the per- 
turbation d(j)(t, x) are usually taken as independent vari- 
ables. However we choose to take as the two indepen- 
dent variables a;) and 6(f>{t,x). Moreover we express 
S(j){t, x) in terms of the number density of (f> parti- 
cles via the relation = E(f,5<lP, see appendix [XI We 
stress the fact that when = one also has x) — Q 
that implies (l>{t,x) — (pc{t), so the scalar field (j) is in its 
classical configuration. Following the same argument we 
write if{t,x) = (fidt) + 6ip{t,x) and describe the if field 
through the variables ip(t,x) and rip = E^pSip'^. Let us 
concentrate on the process of (j) particles production in 
the case that both (j) and ip particles are relativistic and 
the number density of (j) particles is initially zero. We 
use a four particles interaction, such as Lint — g<Pp>'^ or 
Lint = .9 (f>^ f"^ and we consider a 2 <-> 2 the processes, 
e.g. (p + (p<-^-(^-|-0or(/9-|-(/3<->(/)-|-0. As mentioned 
previously, the ip field is initially thermalized and it has a 
phase space distribution given by the Bose-Einstein dis- 
tribution fip{E) = l/(e^/^^ — 1), so we can take all the ip 
particles with the same energy Ep = fT,p ~ Trad- Since 
the 2 2 interaction process conserves energy the par- 
ticles become in thermal equilibrium with (p and they has 
the same energy E^ = Ep, = E. Moreover the two scalar 
fields and ip are relativistic so their energy scales as 
E = Ei/a{t). Before the </> generation the density number 
of (fi particles evolves as np = C(3)T^/7r^, so the transi- 
tion rate for the considered 2^2 processes of relativistic 
particles is expressed in terms of the energy of the quan- 
tum particles as Fgen = {<^genv) Up, = {(^{3) /32TT^f^) g'^ E 
and therefore it scales as Fgen ~ l/a{t). As discussed in 
section ini in order to have a late time dark energy gen- 
eration, it is fundamental to have a ratio Tgen/H that 
grows up with the expansion of the universe. If we are 
in radiation domination H ~ a(t)~^ in in matter domi- 
nation H ~ a{t)-^/^. This means that the Fgen should 
decrease more slowly than l/a{t)'^ during radiation dom- 
ination and than l/a{t)^^^ during matter domination, as 
in our case. Taking a fiat FRW metric, the evolution of 
our system is described by the following equations (see 
eas. (|A20|) in appendix 1^ for details) 

+ 3Hn^ = f{np,- n^) + 2 ^/Wrl^<p (2) 

hp + 3Hnp ^ -f {up - n^) + 2 ^/Wn^^p (3) 

+ 3H4) + E^/^^ + d^v{(l)) + d^v^nt{<t>, ^) = (4) 

p> + 3Hp + E^l"^^ + dp,B{p>) ^- dp,v„M. V') = (5) 



were L is the SM lagrangian and Vt((/), (/?) = w(0) -I- 



together with the Friedman equation iJ^ = \pt-, where 
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Pt = P,p + P>p + Prad + Pfnat, and Prad and p^at are the en- 
ergy densities of radiation and matter respectively. More- 
over v{(j)) and B{ip) are the classical potentials of the 
and if fields respectively and Vint{4>,f) is the classical 
interaction potential. 

Eqs.(l2]) and ^ are the Boltzmann equations that gov- 
ern the dynamic of the number densities and n^. They 
take into account the quantum transition between </> and 
Lp particles thanks to the terms proportional to T. The 
quantity F in eqs. ^ and ^ is given by F = {crgenv)n,^ 
for the process fip ip(j) and F = {(Jgenv){n^ + n^) for 
the process ipLp <-> (fxf). F takes into account the con- 
tribution of the two processes ip^p — > ip4> and its inverse 
(f4i — > LpLp in one case and Lp(p —> 4>4> and 4>4> ipip in the 
other case, since one has V^j^^^^pj^^ n^-T^+^^p+^ = 



' ge7i 



V) 



i^ip {n^p — n^) = F {rip — n^) iov -\- ip ^ ip + (f) 
and F<p+^_>0+0n^-F0+0^;^+^n0 = (agenv) (n^-n^) = 
F {n^ — n^) for ip + ip (j) + (j). At the begin of the 
generation one has — and therefore F — Fgen in 
both processes. Moreover the two terms I^En^ and 
2^En^ p contained in eqs. ([2]) and ^ respectively, cou- 
ple the number densities and with the scalars 
and p respectively. Eqs.(|3|) and ([5]) are the equations of 
motion of the lagrangian in eq.((T]) for the scalar fields 
(j)(t,x) and p{t,x). These equations contains the terms 
E'^I'^JtT^ and E I'^JrC^ that couple the two scalar fields 



and p with their number densities and n^p and be- 
come the source terms for generating the scalar potential 
?;(0). Note that the terms E'^l'^ and E'^/'^^Jn^ con- 
tained in eqs.dH) and ([5]) represent the spatial derivatives 
of the two scalar fields, in fact they come out from the 
relations ^ E^/^ ^ and = S^/^^/n^ , see 

eq. (|A4p in appendix lAl Of course eqs. ([21)- ([SI) conserve 
energy-momentum. The energy density and pressure of 
the field are p^ = pi^ -f p24> and = pi^ +P24,, where 

Pi0 = 4" + '"('?^)' P'^'l' = E pi^= ^ - v{(f>) and P24, = 
P20/3 (see appendix [A]). In the same way the energy den- 
sity and the pressure of the (p field are pp = piip + p2ip 

and = pi^ +P2ip, where pi^ = ^ + Vint{4>, p) + B{p), 

P2^ = E^f, pi^ = \ - Vint{4',p) - B{p) and p2^ = 
P2ip/'i- It is easy to show (see appendix El) that 



P0 -f 3i/(/90 +P0 
Pp + SH{pp +Pip) 



Ef{n^p-n^)-4)d^Vint (6) 
Ef{n^p- n^) + d^Vint (7) 



Therefore eqs. ([6]) give the energy-momentum conserva- 
tion law Pt + 3H{pT + pt) = 0, where pr = P4, + P<p 
and Pt = p^ + p^. Now we are ready to describe the 
particles production qualitatively. For presentation pur- 
poses we will not take into account the expansion of the 
universe, i.e. we will take H = 0, however we show be- 
low that the growth of the scale factor is very small (of 
the order of H/T 



gen J 



|. Moreover in this presenta- 
tion we will not consider the contribution from classical 
interactions and we also take B{(p) = 0. We will also 



work with f constant. Obviously f depends both on 
the energy of the decaying particles and on the number 
densities, but we use this approximation to write an an- 
alytical solution of eqs.©-©. Of course comparison of 
the approximated analytical solution with the numerical 
solution shows a complete agreement and the classical 
interaction Wi„t(0, (/?) and expansion rate do not play a 
significant role. Under these approximations the system 
of eqs.([2][5]) reduce to the following equations 



fip, 



= F {n^ - n^) + 2 y/Ein^4> 
= -F (n^ - n^) -I- 2 Ei ip 
+ E^^^^ + d^v{(b) = 



E. 



3/2 



^ = 



(8) 
(9) 

(10) 
(11) 



where Ei is the energy of the quantum particles at the 
begin of the generation. The initial conditions on the 
p field are p^p- 



Eiflip^ , 



with (^f 



Ei Tiip. and flip- = 0.1. For the field we have the initial 



0i = W(0i) 



conditions pif,. — that gives fl^ 
0. 

Now, the first stage starts with {n^p — n^) F ^ 
—2^Ei 710 in eq.®, which is clearly verified at the 
begin since n^^ — 0, and the approximate solution of 
eqs.dHllII]) is 



np,^ r {t-ti 



l-iEUt-Uf 



1 + {2E, -r){t- u) 



(12) 



3/2 



-E^ y ,0^ 

ip, [l-E,{t~U)] 



vahd iov T {t - U) <^ I and E, [t - U) < 1. This first 
phase of the generation consists in the growth of due 
to particle production. However the growth of ends 
at some time ti, when (n^ — n^)V = —2^Ei > 
and ri0 — 0. This point is the end of stage one and 



= n^p + /3(1 - (1 + 
At the end of this first 



phase of the generation maintains 
= dynamically, therefore from 



reaches a maximum value — 
2n^//3)i/2) with 13 = 2E,4>^/T^. 
stage one also has n^//? <C 1, np{ti) ~ rip., p>{ti) — p>i 
and n0(ti) = ~ n-^/2/3 < n^. 

The second 
(n^ - n^) T + 2^yEi 
eq. ^ it follows that remains constant at the equilib- 
rium value <^ n^. . One can cheek the stability of 
this solution — analyzing the dynamical equation 
for small perturbations of around that is 5n^ = 



—(3Sn^ with /9 = F— >0, that gives an exponen- 

tial suppression of perturbations, so the solution = 
is stable. If is maintained constant at its equilibrium 
value n^, the relation 2yJ Ein^cj) ~ —T [n^ — fi^) = fi^ 
is satisfied dynamically (see eqs.® and ([9])), so we can 
write eq.dll]) in the form + d^v^cj)) ~ iE'^f^i^T^, 
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or = ^EiT (n^- n^) where pi^ = ^ + We 
take ip^ ~ E Uip, which agrees well with the numerical 
simulation, and E ip sjEn^ ~ E •pp' ~ IE pi^ where 
pi,^ = <y5^/2. Therefore eas.(|8))- (ITTt are reduced to the 
following effective equations 



= -2Epi^ 



(13) 



whose solutions are 



"0 
- n, 



e-nt-ti) + 2E, 
1 _ e-f(*-*i) 



-r(t-ti)_ 



2Ei 



EiU^^ 



. — e 



r(i-t 



2Ei{t~ti) 



2{2Ei 



(14) 

decrease until it 
<C n,„, and 



From these equations we see that n^p 
reaches the equilibrium at n^j ~ n^^ 
that piip decrease exponentially to zero so at the end of 
the regeneration one has p^^, = Eifi^ <^ p^.. Moreover 
pi^ grows until pi^^ = p^. - EiU^ so one has p^^ = p^. 



and in conclusion one has VL. 



fl^., il^j: <C fl^^ and 



v{(f>) ~ Pip- , that means that all the energy initially stored 
into the quantum field <p has been transferred to the 
field in accordance with the total energy conservation. 

We solve numerically the system of eqs.([2][5]) in the case 
w(0) = Vi/(j)- In fig.© we show the evolution of n,p/E^ 
and in fig. ([3]) that of rip,/ E^ . The evolution of includes 
the solutions given in eqs. p^ and showing that n,p 
starts from zero, it reaches its maximum and then it de- 
creases to its equilibrium value fi^. The evolution of n^, 
is plotted in fig. ([3]) and we see how n^p decrease exponen- 
tially to the asymptotic value as in eas. p^ and ^1)) . 
In fig. ([6]) we plot the evolution of the density parame- 
ter ^lp, showing that fi^ goes to zero at the end of the 
(j) generation. We stress some important features of 
the (j) generation process. The first one is that, in spite 
of starting with a «(</)?) = 0, at the end of the process 
one has generated a potential «((/)) ~ p^. ^ 0. In fig. ([3]) 
we show how v{<j)) grows from zero to its maximum value 
v{(j)) — Pipi- At this point the quantum generation pro- 
cess is completed and the subsequent evolution of (j) is 
given by its classical equations of motion. At the same 
time in fig.® we see the evolution of (/>, where it starts 
at ^{tgeni) = and takes negative values (implying the 
growth of v{(j))) and eventually reaches positive values. 
The time when (j)(tgenf) = corresponds to the end of (f> 
generation and to the maximum of w(0). Another feature 
of the (j) generation process consists of the existence of an 
equilibrium value <C Uip- for the density number of (j) 
particles n^. Therefore after a first phase of growth, 
saturates at nw, and then it is maintained constant. This 



H 



Ni 



N=Log [a] 



FIG. 2: We show the evolution of n^/E"^ against the number 
of e- folds during the (j) generation in the case v{<j}) = Vi/<j). 
We see how grows from zero and than reaches the equilib- 
rium value n^. 



Ni 



N=Log [a] 



FIG. 3: We show the evolution of n,p/E^ against the number 
of e-folds A'' during the generation in the case v{<l)) = Vi/(j}. 
n^p decreases exponentially and reaches the asymptotic value 



means that all the energy coming from further ip parti- 
cles decay is transferred directly into the potential v{(j)) 
without generate any change in n^. 

Let us point out more properties of the 4> generation 
process. First we note that if the (j> field is regenerated 
when the universe is radiation dominated, the scale factor 



> 



Vo 



N=Log [a] 

FIG. 4: We show the evolution of the potential «(</>) against 
the number of e-folds A*' in the case u((?!)) — Vi/(j>. 
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Nqen 



N=Log [a] 



FIG. 5: We show the evolution of the derivative (j}{N) against 
the number of e-folds A*' in the case v{(t>) — Vi/4>. 



0.1 



N=Log [a] 

FIG. 6: We show the evolution of Q,^ against the number of 
e-folds A''. We see that 57^ rapidly goes to zero at the end of 
the (j> genearion. 



evolves as a(t) 



i^Jl + Hi (t — ti). The generation 
ends at r(t — ii) > 1 (see cq.(fT4|)) with T ~ Tgem giving 
H{t - U) < H/Tgen < 1 and a{t) < V2ai (the gener- 
ation process has Tgen/H < 1), thus we see that the 
expansion of the universe during the (/> generation plays 
no significant role. We also stress the fact that the gen- 
eration process preserves the homogeneity and isotropy 
of the universe, as in the reheating process after inflation 
Q . In fact it is obtained via a 2 <-!■ 2 quantum process in 
which the energy- momentum is conserved i^Pi = J2Pf) 
so the amount of homogeneity is preserved. 

Now we can state something more about the begin 
and the duration of the generation process. First note 
that at the begin of the </> generation = 0, that im- 
plies r = Fgen = ^ip+ip^ip+tp = ^ip+ip^tp+cj>- There- 
fore, in order to establish the efficiency of (j) particles 
production one should compare the transition rate Fgen 
with the expansion rate of the universe H. We as- 
sume that before the generation the (p field has the 
same temperature of the radiation, so we take Erad ~ 
= E. If the generation starts before the matter 



domination one has H = {prei/'i'>Ti'^i^reiY^'^ = chE^ 
where ch = (n^grei/^Or'^ 'm-^iflreiy^^ and grei is the 
total number of relativistic degrees of freedom. There- 



fore, using n^p = Tj^ before the (j) generation one has 
g'^ E and Vgen/H = Cgen g'^ rupi / E , where 
(C(3)/32^4^) (9or!^^;/g^^;)i/2. 
generation starts at energies 



r - ^^(3) 

J- gen — 327r3r: 

we have defined Cge„ e 
We conclude that the 
E < Egen with 



^gen — ^gen g l^pl 



= 1.6 



Vio-i2y 



eV 



(15) 



when Tgen/H = Eg^n/E > 1. We aim to have a 4> 
particles production at energy scales well below MeV, 
where the number of relativistic degrees of freedom is 

grel = gf^ + Qv - 4.36 giving Cgen =i 6 • 10"''. Of 

course, by means of eq. pSj) we can conveniently choose 
the coupling g in such a way that the generation process 
starts at an energy of about leV . This takes place if 
g ~ 10~^2 or a = 5^/47r ~ 10"^^, where a is the fine 
structure constant of the transition process. We stress 
the fact that Tg^n/H = Eg^n/E > 1 during the (f> gener- 
ation process but, when the (j) field starts to inflate the 
universe, one has H ~ a(t)~ 2 (i+'^<*) with ~ —1, so H 
will be roughly constant and at the dark energy epoch 



Tgen/H^ ait) 2 
decouple at E, 



(1- 



dec 



V3 



0. 



Therefore, 

_ V3c„,„ El 



and ip fields 



Stt g^ mpi Stt Eg^n 

We can summarize the <j) generation process as follows. 
At the begin of the generation we have n^pi = E'^^, 

= Vl^ = v{(j>) = and at E^pi = Eg^n we have Fge„ 
H. The first effect is the decay of (f and the growth of 
to its equilibrium value <C n^p^ after which remains 
constant. Subsequently all the energy coming from the (p 
field is transferred to the potential w((^) through the chain 
reaction n^p ~* v{4>). In this process remains 

constant and represent a maximum transfer efficiency 
value for in such a way that the energy coming from 
the decaying p particles is immediately stored into the 
potential w ((/>). At the end of the generation on has n^^. ~ 
n^pj ~nij,<^ n^. p^^ <C Pip^ and p^^ ~ . . 

From this point on, the evolution of 4> is the standard 
one, where its dynamics is dominated by the classical 
potential v{(j)). The generation process described before 
does not depend explicitly on the form of the potential 
v{(j)) and the value of (j) at the end of the generation pro- 
cess is given by the condition v{(pgen) — Pipi — E'^^ — 
-^gen- Sincc wc want the (f> field to give dark energy, 
we must choose a potential v{(j)) that slow rolls at late 
times, i.e. at present time when (p (po- Clearly we 
must impose the condition v{4>gen) > v{4>o) = vde — 
{\Q~^eVY. For example one can consider an effective 
potential v{(f>) — ^ that verifies the slow roll conditions 

for (j) > V2 and take Vi = {10~^eV)'^ . In this case the 
value of (j) at the end of the generation is (pgen — Vi/E] 



where we have used Eg^^ 



4 

gen 



iPgen) = ■ Typically, 
runaway quintessence potentials have an EoS parameter 
ujff, that reaches positive values of ~ 1 diluting fi^ and 
later there is a transition from lo^ = 1 to tj0 = — 1 as in 
fig. ([7]) where Qfj, starts growing Therefore the mat- 
ter domination epoch is unchanged by our (j) generation 
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W0 



No 



N=Log [a] 



FIG. 7: We show the evolution of the EoS parameter 
against the number of e-folds N. 



scheme. In fig.® we show the evolution of the density 
parameters fi^, f^fj^ and ^mat- The (j) is generated at 
TVgen at energies Eg^^ — ^eV, for g ~ 10"-^^, close to ra- 
diation matter equality with O^. ~ 0.2 and present time 
is at $7^ ~ 0.74 and ~ 0.26 with uj^ ~ —1. 

The cross section for the generation process is given by 



= 1.5 



/IQ- 



V 9 



pb = 2.4 



leV 



gen 



where we have used Ea 



1 

g"^ m,pi and 



pb 
(16) 



C(3) 




90 



6 • 10 ^ and pb = 



gen — 

It is 



327r'»r y g, 

interesting to compare the cross section ag with that 
of WIMPS. The relic abundance of WIMPS is Q^h^ = 
3 X 10~^'^cm^/ < a^v > giving (awv) = 0.9 cpb, 
with c the speed of light. If we take that at decou- 
pling the WIMPS have a mass to temperature ratio 
m/T = 20 16] we obtain (ctu,) — 2Apb equivalent to 
our (Tgen for Egen = 1 eV . However, the present time ob- 
servational upper limit to ctw between WIMPS and nu- 
cleons is ^ 10~^^cm^ consistent with supersymmetric 
WIMPS [3- 



IV. UNIFICATION OF INFLATION AND DARK 
ENERGY. 

In this section we discuss the possibility of unifying 
inflation and dark energy by means of a unique scalar 
filed (p that we call uniton, as in [l3]. In general it is 
not difficult to choose the potential v{4>) in such a way 
that the field is responsible for both inflation and dark 
energy [15>] . To achieve inflation and dark energy with 
the same scalar (f) one requires that the potential v((j)) 
must satisfy the slow roll conditions \v'{(l))/v{(l))\ < 1 and 
\v"{(f>)/v{(f>)\ < 1 at high energies for inflation and at low 
energies for dark energy. Inflationary potentials which 
have a minimum Vmin = at a finite value of (p are not 
useful to unify inflation and dark energy, since this kind 
of potentials do not inflate at low energies [l3|. This 
kind of potentials may be useful to unify inflation and 



G 0.5 
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/ 
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N 



gen 



N=Log[a] 



FIG. 8: We plot the density parameters fi^ (black line), il^ad 
(yellow line), i}mat (blue dashed line) and ^l^p (red dotted 
line) against the number of e-folds = Log[a]. We see how 
at Ngen the ip disappears and the (j> field is generated. Present 



times are at No when Q^, — 0.74 and Q„ 



: 0.26. 



dark matter. In most inflation-dark energy unified mod- 
els only the classical evolution of the quintessential scalar 
field is considered and the reheating and the long period 
of decelerating universe (between inflation and dark en- 
ergy) are not taken into account. 

In this section we present an inflation-dark energy uni- 
fied scheme that can be resumed in the following way: as 
in usual inflationary models, the early universe is domi- 
nated by the (j) field that inflates for a sufficient number 
of e-folds. After the end of inflation the (j> field decays 
completely into the extra rclativistic field ip already in- 
troduced in section Hill The ip couples and produces SM 
particles at an energy Erh and the universe is reheated. 
At low energies Egen the (j) field is generated via the quan- 
tum generation mechanism studied in section [TTTl and the 
universe enters the dark energy epoch at temperatures 
close to present time. From Ehh to Egen we have the 
standard evolutionary scenario with the extra relativistic 
degree of freedom (p. 

The new feature in the unification scheme that we 
present here, is that the transition between decelerating 
radiation-matter dominate universe and the dark energy 
era is due to a quantum process, i.e. the low energy gen- 
eration of the (j> field. As stated in section [1111 the energy 
scale Egen at which the uniton is generated is fixed 
by the couplings g of cf). The scales Egen may be many 
orders of magnitude smaller than Ejm without any fine 
tuning. 

We stress the fact that, although we will describe the 
inflation-dark energy unified scheme choosing a particu- 
lar form of the potential w(0), the quantum generation 
mechanism works well for a large class of potentials. The 
only requirements on the potential t'(^) are that it should 
satisfy the slow roll conditions at hig h and low energies 
and that the cf) mass = \/v"{4>) should satisfy the 
condition m^{tnH) > rn^itgen), where tun and tge„ are 
the reheating and (f) generation times. In addition one 
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has to require that the </> particles are relativistic at tgen , 
that imphes mif,{tgen) ^ Eg^n- In section HV Al we will 
discuss the inflation and reheating scenario and then in 
section IIVBI we will consider the inflation and dark en- 
ergy unified scheme using a simple example. 



A. Inflation and reheating 

Let us consider an universe that contains the field (f), a 
second scalar field (p and the SM particles. We want the 
(j) field to infiate the early universe, so we assume that the 
potential has at least one flat region corresponding 
to inflation. As an example one can consider the potential 
described in Appendix |B] During inflation the (f) field 
dominates the universe and slow rolls as long as the slow 
roll conditions ^ 1 and \v"{(f>)/v{(j))\ ^ 1 are 

satisfied and the universe inflates with ~ v{(p). After 
the end of inflation the (j) field decays into ip particles and 
reheats the universe. We couple the two scalars (j), p via 
the interaction 



Lint =9(t> fiv) 



(17) 



where f{(p) is a polynomial of (p. We know that the 
interaction in eq. (|17p gives a complete reheating since 
it involves a single (j) particle decaying into ip particles 
[2l| . At the end of inflation the (j) particles are at rest 
in the comoving frame (the velocity is redshifted as Vi = 
and we take ^ m^. We take 



SO Ej, 



e 

f{p) = p'^ and we consider the process (j) ~^ (p+(p+p. For 
simplicity we assume that all the p particles are produced 
with the same energy E^p given by i?^ — 3E^p giving a 
decay rate 



(27r)3 72 



(18) 



Let us remind that a decay process is efficient if F^/iJ > 1 
3 . The evolution of the energy density of the field 
is given by the equation 



(19) 



If we consider w and F^ as piecewise constant, the solu- 
tion is ~ a{ty'^'^'^^^'^ e"'"''* and the (j) energy density 
vanish exponentially, that means that p particles are pro- 
duced and the energy of the (j) field is transferred to the p 
field. If one relaxes the hypothesis of constant F^ one has 

/90 ~ e~ / and the condition for an efficient decay is 
^ Tddt » 1. At the same time we couple p with SM 
particles. We take the usual interaction terms 



L„t = h p^^ 



~ \fhpil}i\) 



(20) 



where x ^-nd V' S'^e SM scalars and fermions, respectively. 
As long as SM particles are relativistic, valid at tem- 
peratures above 1 TeF, the processes p + p ^ X + X 
OTp + p■^^p + '^p given by the interaction in eq. (l20p 



have a transition rate Tj^h = h'^ n^/32TrE'^, and using 
= ((3) T^/tt^ one has Trh = C(3) E^/32n^f^. SM 
particles are produced at Trh/E^ = Erh/E > 1 where 
we have defined 



E 



RH 



= crh h? mpi = 3.2 



and Crh 



C(3) 



90S1„ 



10- 



IQ- 



lO'' GeV 



(21) 



If reheating takes 

106.75 and fi^ = 1 
Taking ft, < 1, so 



32Tr''f y g. 

place above 300 GeV we have g^^^ 
so that we can estimate crh — 10 
that ail = h? I^TT < 0.1, the maximum energy for reheat- 
ing would be lO^** GeV. However the limit for successful 
reheatin g sc enario is much lower and it may be as low as 
10 Mey [ni, [III corresponding to ft ~ 10^**. 

Therefore SM particles are produced at energies E < 
Erh and p is in thermal equilibrium with SM particles 
with Tp = Tj where Tj is the photon temperature. As 
long as p is relativistic oc Tj and if it remains also in 
thermal equilibrium we have 



9v qSM 

SM ^''rel 



9rel 



(22) 



where g^^^ is the number of SM relativistic degrees of 
freedom and g^ — 1. 



B. Inflation-Dark Energy Unification 

Let us now describe the inflation-dark energy unified 
picture with an explicit example. Again we start with 
two scalar fields coupled through eq. pTj) . To be specific 
we will choose Lint — g4>P^ and a scalar potential i'(<^) 
that infiates at high and low energies. As mentioned in 
the introduction in section IIVI the choice of the scalar 
potential is not important, there are a wide number of 
possibilities, and we choose to work with 



/iN ^/ 2 (j) 

vid) = — 1 arctan — 



(23) 



which has two free parameters Ej = Vj^^ and / with 
mass dimension. The potential in eq. (j23|) has two re- 
gions (j) < — (2//7r)^/3 and <j) > \/2 in which the slow roll 
conditions \v' {(j>)/v{(l))\ <C 1 and \v"{(j))/v{(j))\ <C 1 are 
satisfied . The asymptotic expansions of v{(j)) in these 
two regions are (see appendix iB]) 



Vi (1 

Vif 

■k4> 



for 
for 



(24) 



Infiation is associated with the high energy region <j) < 
— (2//7r)^/'^ with w(0) ~ Vj = Ej and dark energy with 
the region if) > \/2 with v{(f>) ~ We determine the 
two free parameters in eq. (|23p with the constrains coming 
from inflation ^ = 5.3 x lO"** and from dark energy 
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density poE = SH^^de- Taking (po ~ gives Ej ~ 
100 TeF and / = 0o vde/Vj ~ 10"^^ eV where we have 
reintroduced the correct mass units in Ej and /. 

After inflation we want to reheat the universe with the 
SM particles. To achieve this we couple and ip via the 
interaction term Lint — 9 <P^'^ and (p with SM particles 
as in eg . ([20]) . The </) field decays into (p via the process 

2 

(f> ^ (fi + ifi + (fi with a decay rate Td = (2ti-)"72 Si^en in 
ea. (fT5)) . This process starts immediately after inflation 
with H ~ Ej. The maximum value of Td/H is when 
is also at its maximum aX (j) ^ f giving Td/H ~ 10'^^. 
Notice that Yd — 10^ at its maximum and the lifetime 
T0 = 1/Td of the <f) particles is such that r/rpj ^ 1 where 
Tpi is the Planck time. Therefore all particles decay 
and at the end of the reheating and one has il^ = and 
Q,^p + Q.SM = 1- SM particles are produced through the 
interaction with the Lp field via the interaction given in 
eq. ([20|) and described in section HVAI This process takes 
place for energies E < Erh = crh given in eq. ([2T|) 
with Thh/H > 1 and therefore ip and SM particles are 
in thermal equilibrium giving = -I^Jl^j^ as long as 

ip remains relativistic. As discussed in section lllll as long 
as Erh > E > Egen = Cgen (c.f ea. p5| ) the universe 
contains the SM particles plus tp and at energies E < 
Egen the particles starts to be produced via the process 
ip + ip ^ + with a decay rate Fgen = {(Jgenv) riip. The 
inflation-dark energy unification scheme involves three 
different quantum processes: The cj) decay into (/?, the SM 
particles production and the late time (p generation. Only 
the first one (inflaton decay) depends on the choice of the 
potential v{(j)), through its mass, the other two depend 
only on the size of the couplings h. These processes 
take place at energies 



Ei, EiiH = Crh h , Eg 



9 



(25) 



where 



H 



> 1, 



^ RH 



E 



RH 



E 



> 1, 



E„ 



H 



E 



> 1 (26) 



and Crh — for a reheating temperature above 

300 GeV and Cgen — 6 • 10""* if the cj) is generated at 
energies below 1 MeV. We stress the fact that the (j) 
generation at late times is due to the same interaction 
term Lint = 9 4"P^ that gives the cf) decay after inflation. 
The main difference is that at low energies Eg^n the mass 
of (j) is many orders of magnitude lower than its value at 
high energies Ej, i.e. m^{tRH) > m^itgen) where tRH 
and tgen are the reheating and generation times re- 
spectively. We also require that m0(tge„) <C Eg^n so 
that (j) is relativistic at tg^n as in section IIIIl Notice 
that in our model the value of the (j) mass at generation 
time is m^{tgen) — 10~^'^ eV (see appendix [B|) which is 
much smaller than Egen — 1 cV. However at present 
times m^{to) — eV which is a typical mass for a 

quintessence (dark energy) field. 

After the production of the (j) particles f (</<) is gener- 
ated and the classical evolution will drive the expansion 



of the universe as described in section HTTl Concluding we 
have shown with a simple example how the infiation-dark 
energy unification takes place. Of course it is possible 
to choose different scalar potentials v{(t>) or interaction 
terms Lint that gives similar results. 



C. Erh and Egen scales 

The values of Erh and Egen do not depend on the 
choice of the potential v{(f>) but only on the couplings 
9,h. The values of Erh and Eg^n are fixed in terms 
of the couplings g and h. In general g and h are free 
parameters that should give Ei > Erh > 10 MeV and 
Erh ^ Egen > Eo and are given by (see eq. (P5|) ) 



Erh — Crh h? , E, 



gen 



^gen 



9 



(27) 

and Crh — Cgen — 10~"*. An interesting reduction of 
parameters is if we take Erh = \/E^en (iu natural units) 
which gives g = h? and 



E 



RH 



E. 



gen 



leV 



1/2 



5 X 10" GeV 



(28) 



Notice that this choice oi g,h implies a low reheating 
temperature and for Egen as small as Eo ^ 10~^ eV we 
have Erh > l.bTeV. If we set 



= =q 



E, 



TTipi VlOO/ \100TeV 
with q a proportionality constant, we have 

2 



IQ-^^, (29) 



E„ 



VlOO/ llOOTet/ 



E 



RH 



Ei 



26 eV 



TeV. 



(30) 



(31) 



VlOO/ \100TeV, 
The fine structure constants associated to the two cou- 



plings are ag = ^ 
are then 



ah 



ah = 3 



I '2 

and cross sections (Tg,cTRH 
T 

= 3 ' 



1 100^ I lOOTeF ' 



VlOO/ V lOOTeF 



10" 



(32) 
(33) 



The cross section for the generation process are Ggen = 
g-'/im^Elen) and ctrh = /iV(327r£;2 ^) giving 

1 /lOOy (imTeVV , 

i^-^c/ g^ \ q J \ Ei ) 



orh = 



327rc|j^/i2 



100 

q 



100 TeV" 
Er 



10"" p6 (35) 



We find the relationship between g and h in eq. f^ in- 
teresting but of course it does not need to hold since in 
principle g,h and therefore Egen, Erh are independent 
from each other and eqs. ([5n|) and ([5T|) are equivalent to 
egs. p^ and (pij) . respectively. 
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V. PHENOMENOLOGY 

In this section we summarize the main phenomenologi- 
cal consequences of the dark energy quantum generation. 
Let us first discuss the consequences of having the rela- 
tivistic field Lp. If (/s is not contained in the SM then it 
represent an extra relativistic degree of freedom. CMB 
temperature anisotropics as well as SDSS and 2dF Large 
Scale galaxy clustering, Lyman-a absorption clouds, type 
la Supernovae luminosity distances and BAO data, can 
be used to determinate the value of the effective relativis- 
tic degrees of freedom, usually described in terms of the 
effective number of neutrinos N^^^ . The value of Nf,^^ 
affects the matter-radiation equality epoch and thus the 
ISW effect, so CMB anisotropies are sensitive to devi- 
ations from the standard cosmological model value of 
N^ff ~ 3.04. Analysis of the WMAP data combined 
with other cosmological data sets allows for values of 
N^-f^ different from its standard model value. For ex- 
ample in [30] it is found N^^^ = 4.6t J j at 95% c.L, con- 
sistently with other analysis [3l|. Moreover BBN is also 
affected by N^^f , because the number of relativistic de- 
grees of freedom change the value of the expansion rate of 
the universe and than influence the expected primordial 
Hehum abundance. The BBN bound is N^ff = S.liJ;^ 
at 95% c.l. (T^llO, HI], that seems to be more stringent 
than bounds coming from CMB data. Anyhow Nf,^^ 
can evolve from the BBN epoch at IMeV to the 

CMB decoupling era at T ~ leV :33], so the differ- 
ent bounds coming from BBN and CMB are compati- 
ble. In our case the extra relativistic degree of freedom 
is represented by the scalar field ip that contributes to 

N;;ff an amount SN^^ff = | (5^) • H the decouples 
from radiation before neutrinos, one has < T^, and 
SN^ff < 4/7 ~ 0.57, that is in full agrement with both 
BBN and CMB data. If ip is coupled with photons one 

has 5Nf,^f = 1^^^ ~ 2.2 that shows some tension 

with BBN data but is compatible with CMB data. In 
any case the existence of the extra relativistic degree of 
freedom coming from the field is consistent and appar- 
ently favored by cosmological data. 

Another important phenomenological aspect of the 
dark energy generation model, concerns the coupling of 
the ip field with SM particles. In principle Lp may be 
coupled with electrons, baryons and photons, but strong 
limits on the strength of such couplings comes from astro- 
physical considerations and accelerator phyiscs. In fact 
if coupled with electrons, the Lp particles are produced 
in stars and this fact affects the evolution of the stars, 
as studied in 37]. The coupling strength between Lp and 
electrons should satisfy the condition a^ee < 0.5 x 10"^^. 
In the model that we present, SM particles are produced 
at Ehh = CRuh'^mpi > lOMeV that gives h > 10"^ 
and a fine structure constant a — h'^/An > 10"^^, 
therefore the Lp field cannot be coupled with electrons. 
If coupled with baryons, the massless scalar field Lp 



could also generate long range forces [11] with possi- 
ble observable consequences at astrophysical and cos- 
mological level. The upper bound coming from long 
range force experiments is a^pB < 10~^^ [39| thus the 
Lp coupling with baryons should be excluded. If the Lp 
field is coupled with photons via the axion-like interac- 
tion term = ^LpF^^F'"' = -g^^^LpE ■ B with 
g^p^^ < 10~^^ GeV~^ [l^- The bound on the transition 

rate is F^^^ = ^ ^^^'^ {m^/eVf eV. Taking 

H = cnT^/mpi the field Lp and photons are coupled for 
T < T'^jj ~ (m^/eVf^^ 10^ GeV" when T^-y^/H > 1. 
Therefore if Lp is coupled with photons, SM particles 
will be produced at low reheating temperatures of about 
T^jj ~ 10^ GeV for ~ 1 eV. The coupling with pho- 
tons is not ruled out by experimental data. 

In conclusion, the Lp field could be coupled either to 
neutrinos, photons, neutral Higgs field or supersymmet- 
ric partners of the SM which are currently searched for at 
LHC. It is particularly interesting the case in witch the Lp 
is coupled with neutrinos. In the standard cosmological 
model the three neutrinos free-stream and interact only 
gravitationally. Free-streaming lowers the neutrino per- 
turbations and introduce a source of anisotropic stress. 
On the contrary, if one or more neutrinos are coupled 
with the scalar field ip, the interacting neutrinos behave 
as a tightly-coupled fluid with density and velocity per- 
turbations but no anisotropy [35j. This fact also affects 
the adiabatic sound speed c^, that is equal to 1/3 for free- 
streaming neutrinos and it is < < 1/3 for tightly- 
coupled neutrinos. Therefore the coupling of the Lp field 
with neutrinos produces many observable consequences 
on the Cosmic Neutrino Background (CNB) (36j . 

In alternative to the dark energy generation scheme 
presented in section lllll one can generate the (j) field with- 
out any auxiliary field Lp but coupling 4> directly with SM 
neutrinos via an interaction L^t — y/g(t>vv. Therefore 
one or more neutrinos will be tightly-coupled to the 4> 
quintessence field and this will produced observable con- 
sequences on the CNB [36j . 

The (j) sector of the quantum generation model has also 
an interesting phenomenology. For example the inflation 
dark energy unified model presented in section IIVI has 
low inflationary and and reheating scale Ei ~ 100 TeF 
and Erh — ITeV for h ~ 10~^. This low reheating en- 
ergy does not affect the reheating efficiency and it also 
avoids gravitino overabundance problems. From a cos- 
mological point of view, a low inflationary scale may also 
affect N^f^ as showed in [12], giving one more possible 
test of the unified model. Moreover interesting effects 
may be observed in accelerators, as for example at LHC, 
with energy scales not so far from the inflationary en- 
ergy. Then, as discussed above, a rich phenomenology 
exists, that may be used to constrain or falsify cosmolog- 
ical models that make use of the dark energy generation 
mechanism. 
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VI. CONCLUSIONS 

We will now present a summary and conclusions of our 
work. One of the main goals of this paper was to under- 
stand why the dark energy is manifested at such a late 
time. To achieve this we have presented a novel idea, 
the quantum generation of dark energy, giving a new in- 
terpretation of the late time emergence of DE in terms 
of a late time quantum production of the quintessence (f) 
particles. We take a 2 ^ 2 quantum process between 
and a relativistic if particles. The scale where the (j) field 
is generated is dynamically determined by the condition 
r/H = Egen/E > 1 giving an energy scale E < Eg^n 
with Egen — Cgen "mpi and Cgen — 6 • 10^''. Therefore 
the smallness of Eg^n is due to a small coupling g and 
for g ~ 10~^^ gives a Eg^n — leV and a cross section 
CTgen — ipb. The acceleration of the universe is then 
due to the classical evolution of and determined by 
the scalar potential v{(j)). We have described in section 
mil a universe that initially contains no (j) particles, i.e. 
710 = n,p = (j) = v{(f>) = 0, and once the relativistic par- 
ticles (j) are produced they become a source term for the 
generation of the scalar potential v{(f)). Once v{(j)) has 
been produced the classical equation of motion gives the 
evolution of 0. 

We show in section HVl that it is possible to unify in- 
flation and dark energy using the same quintessence field 
(j). To achieve the unification we required that the poten- 
tial v{(j)) has two flat regions, at high energy for inflation 
and low energy for dark energy. In this scenario, after 
inflation the field decays completely and reheats the 
universe with standard model particles. The universe 
expands then in a decelerating way dominated first by 
radiation and later by matter. At low energies the same 
interaction term that gives rise to the inflaton decay ac- 
counts for the re-generation of the 4> field giving rise to 
dark energy. An important difference in the quantum 
process between and if at high and low energies is the 
value of transition rate due to the size of the (j) mass, 
mliEi) » mliEo). 

We presented in section IIVI a simple example on how 
the inflation-dark energy unification can be implemented. 
We used a potential v = i?| (l — arctan[0//]) which is flat 
at high and low energies. The two parameters Ei, f are 
determined by the density perturbations Sp/p and the 
value of Vo at present time giving Ej = 100 TeF,/ = 
10~^^eV. The coupling g between and if and the 
coupling h between ip and the SM particles are free pa- 
rameters but can be taken as g = h? = qEi /iripi — 
((7/100)(i?//100reF)10~^^ giving a reheating energy 
Erh = {q/im){Ei/{mTeV)TeV and a generation en- 
ergy Eg^n = {qlm)f{Ei/imTeVf26eV. The cross 
section between </> and ip is a gen = fl'^/327r£'gg„ ~ pb 
quite close to cross section of WIMP dark matter with 
nucleons — pb at decoupling. By fixing g — = q Ej 
we have determined the coupling, which set the scales of 
reheating and (j) re-generation, in terms of the inflation 
scale Ej and we can reduced the number of parameters. 



Of course this is not the only possible choice of g and h. 
To conclude, we have presented a general framework to 
produce the fundamental quintessence field (j) dynami- 
cally at low energies. The energy scale is fixed by the 
strength of the coupling and this offers a new interpre- 
tation of the cosmological coincidence problem: dark en- 
ergy domination starts at such small energies because of 
the size of the coupling constant g. Finally, our approach 
allows for an easy implementation of infiation and dark 
energy unification with the standard long periods of ra- 
diation/matter domination. 

APPENDIX A: EQUATIONS OF MOTION 

Here we derive the system of differential eqs.([5])-(l5]) 
that rules the (p generation. Let us consider a FRW 
universe containing the </) field coupled with a second 
scalar field ip and let us write down the equations of 
motion of the and ip fields. In what follows we as- 
sume that both the and ip particles are relativistic. 
The (t){t, x) field can be divided into a classical back- 
ground configuration (/)cit) plus a perturbation S(/){t,x) 
corresponding to the quantum configuration of the 
field ((/) particles), in such a way that we can write 
= 4>c{t) +S(j){t,x). We choose 4>{t,x) and S(f>{t,x) 
as independent variables, stressing the fact that when 
6(j){t, x) ^ one has (j){t, x) = (j>c{t)- The dynamic of the 
(j) field is then deduced from its lagrangian density 

L= ia^(/.9^0+i9^^5V-^T(0,^) (Al) 

where Vt = v{(p) + B{ip) + Vinti4>^ 'P)j ''^{4>) and are 
the classical potentials of the tj) and ip fields respectively 
and Vint{4>,p) = -Linti4>iV) where Linti4>,v) is the in- 
teraction lagrangian of the scalar fields 4> and ip. Using 
'^(f>{t, x) — W5(j){t, x) one has 

^ + 3H^ ^ + d^VT{cb,f)=0 (A2) 

The perturbation 6(j) evolves as a scalar field with mass 
m| = d'^v{(j)). The corresponding quantum operator S(j) 
has the following expression 

(A3) 

where k and Ek are respectively the wave number and 
the energy of the </> particles with E^ = |fcp/a(i)^ -f- 
(2H , [2^ . The physical momentum is p = k/a(t) and the (j) 
particles are relativistic so Ek = \k\/a{t) = \p\. For sim- 
plicity we assume that all the and ip particles have the 
same energy Eij, and E^ respectively. For example this 
assumption is valid if the quantum particles are thermal- 
ized. In this case the phase space distributions are the 
Bose-Einstein distributions f^{E) — 1/(6^/^* — 1) and 
fip{E) = 1/(6^/"^"^ — 1) and one can take the energies of 
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r Tfjj and 



the (j) and particles as the mean values i?, 

2.7. Moreover, in the case that the 



and If fields are in thermal equilibrium one has E^ — j^^. 
Therefore we estimate (50^ as the average of 5(j) on the 
quantum state |iV, Eip > containing particles with 
energy E^, i.e. < N,E^\ : S^'^ : \N,E^ >= where 
the : : stands for normal ordering of creation and destruc- 
tion operators. We have then S(p'^ = n^/E^, where is 
the density number of 4> particles. Thus we can write 



\p\Hcb^E'f^ 



(A4) 



where we have used E"^ = = \k\'^/a^ for relativistic 
particles. Substituting this expression in eq. (|A2p we have 



^ + 3H^ + Ef^^ + d^vi^)+d^v.M{(b,ip) = 0. (A5) 

Repeating the same considerations for the ip field one has 

<fi + 3Hip + E^/'^^+d^B{ip)+d^v,„t{(t),^) ^0. (A6) 

The dynamics of the quantum particles is governed by the 
Boltzmann equations. If f^{E,t) is the phase space dis- 
tribution of the (j) particles, one has = J f,f,{E, t) ^^^^ , 

p, ^ jEUiE,t)^ and p, = J l£f,(E,t)j^. 

In the same way one has = J /<p(i?, t)-^^^, — 

jEU{E,t)^ and = f ll^f^{E,t)^ where 
fip{E,t) is the phase space distribution of the parti- 
cles. The evolution of the phase space density f^{E,t) 
is governed by the Boltzmann equation L[f^] = C[f^], 
where L is the Liouville operator and in a FRM metric 
is L[f^{E,t)] = EdtME,t)- H\p\^dEU{E,t) and C 
is the collision operator (see i2^]). If the (p particles are 
relativistic one has 



C[U{E,t)] 



(Pp 



{2T:fE 



A 



where for a process ai -|- 02 -I- ... -I- a„ &i -t- 62 + . 
with a„(6;) initial (final) particles, one has 



/ C[f^{E,t)] 



(Pp 



61 • 



(27r)3 E 

x{2Tlf\Mab\^5\'S^Pa 
X [faAE,t)...fa,SE,t) ~ fbAE,t)...hAE,t)] 



(A7) 
■ ■ + bi, 

(A8) 



with dH = g d^p/ {2tt)^2E, g are the internal degrees of 
freedom and |AfafcP the transition scattering matrix of 
the process. Eq. ljASp is valid in absence of Bose conden- 
sation of Fermi degeneracy when 1 ± {E, t) ~ 1 ^2§\ . In 
the same way one has 



3Hn^ - / C[U{E,t)] 



d^p 



{2tt)^E 



+ Q (A9) 



The terms A and Q introduced in eqs. (jA7p and (|A9p are 
necessary for the energy conservation as we will discuss 
below eqs. (UT8| and jXlQ)) . 



Let us consider the quadratic interactions Lint = 
gcfp'if'^ or Lint — g4>'4>^- In that case the (j) fi^ld is 
generated via the 2 <-> 2 processes </3 -f ^ <t> + <t) 
or ip -\- ip ip + 4> respectively. For simplicity wc as- 
sume that the phase space distribution f^{E,t) of the 
ip particles is piked around the mean energy E^ of the 
ip particles. Of course this is true in the case of ther- 
malized particles. Therefore we take all the ip particles 
with the same energy E^ and one has J f^{E,t) dll^ = 

IUiE,t)j£^^ ^JUiE,t)§£^ = ^. More- 
over, from energy conservation it follows that the (j) par- 
ticles are produced with the same energy of the ip par- 
ticles and we take E^ = E^ = E, that is also valid 
when the (j> and ip fields thermalize. Therefore the en- 
ergy distribution of the 4> particles is piked around the 
mean energy E^ and one also has / f(t>{E, t) cJII^ = . 
The transition rates for the considered processes are 



^ (b(b — *ip'p 



ip{p — *4^ip ^ (jy^ — ^iP'P 
{CgenV)n^, whcrC a gen 

cross section for a 2 2 relativistic particle process and 
V is the relative velocity [1^. Considering the process 

Lpip <-> Lp(j) one has 



gen'^) — ^ gen 

52/327r£'2 is the 



SC[U{E,t)] 
and for the process ipip 



d-'p _ 
(27r)^ E ~ 

2 r 



!c[u{E,t)]jSfE = 

(AlO) 

^ <b(j) one has 



/ C[U{E, t)]^-^ = - \C{U{E, t)\ = 
= 7 ipLp~^<j><j) — Tfj^^^ipip = {(Tgenv) {n^ — n^) = 

(All) 

We can write eqs. (|A10p and (jAlip in a compact form as 

= f(n^-n^) (A12) 

= {o'genv)nip for the process 
genv){n^ + n^) for the process 



where we have defined F 

ipip ^ ipcj) and F = (a, 
ipip <-> 4 



Note that F is not necessarily a transition 
rate, but it accounts for the whole contribution of the 
two processes ipip ip(j) and ipcf) — > ipip in one case and 
ipip — !■ (pcf) and (j)(f) ipip in the other case. 
Therefore eqs. (IA7p and (|A9p now read 



ri0 + 3Hn^ = F (n^ - n^) + A (A13) 
+ 3Hn^ — — F {n^ — n^) -f Q. (A14) 

The energy density and pressure of the system are 



Pt 



2 



Vt{4>:'P>) 



PT = Y + Y ^ "^t(0,</?) 



E, 


1>n^ 


Eip i^iPi^ 




2 




E, 




Eip ntp^ 




6 


6 



(A15) 
(A16) 



with VT[4>,ip) = v{(j)) + B{ip) + Vint{^,tp)- Note that the 
terms proportional to the number densities in eqs. (|A15p 
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and (|A16p comes from the terms |V(50p/a(<)^ = 
El5(lP = E^n^ and \VSip\ya{ty = E^^Sip'' = E^n^ 

Therefore eqs. ljAlsp and (lAlSp . together with 
eas. (jA5|) . (IA6|) . (|A13p and (jA14[) give the energy conser- 
vation in the form 



-10 



10 



Pt 



El'^^iP 



QE^ _ 



AEa, 



(A17) 



Note that eq. (|Al7|) should be vaUd in the case in which 
only one of the scalar fields (j) and Lp exists. For example, 
if the only (j) field exists one has Vint{4>, f) — 0, = 
and Q = and form eq. (IAl7P one has 



(A18) 



and in the case in which the only field exists one obtains 
Q = 2^E^n^if. (A19) 
Then eqs. (|A5l) . (|A6|) . (|A13P and (IA14P now read 



(p + 'iHip - 



E 



.3/2 



E\ 



3/2 



- d^B{ip) + d^Vint{4>, t^s) = 



+ 3iJn0 = r (n^ - n^) + 2yjE^ (j) 
+ 3Hn^ = - r (riy - n^) + 2^E^ n^ijp 

(A20) 

The system in eqs. (|A20l) describe the dynamics of two 
coupled relativistic scalar fields with the same energy 
E^ — E^p — E. Note that this system includes the quan- 
tum interaction between the quantum and particles 
trough the term F [n^ ~ "0) in the last two equations in 
the system ()A20p . Moreover the density numbers and 
generates a source term for the corresponding fields (/) 
and ip in first two equations of the system (|A20p and this 
source term is responsible of the generation of the classi- 
cal potential v{(\>) during the <^ generation. It is useful to 
divide the energy density pT in two terms pT — P4> + Pip 
with p0 = pi^ -I- 



(A21) 



and Pip = Pip + p2ip, 



Pl^= Y+^'mt(0,<P)+BM, P2p = ^^- (A22) 

In the same way we can write the pressure of the system 
as PT = P4,+ Pip with p^ = pi^ + p20, 

= P20 = ^ (A23) 

and p^ = pi^ +P2tp, 

Pi<p = Y - ~ ^('^)' P2<p = E!£^_ (A24) 



v(0) /Vi 





i)/f 



FIG. 9: Plot of the potential v{4>). 



It is easy to cheek that these quantities verifies the fol- 
lowing evolutionary equations 

pi0 + 3i/(pi0 +J310) -4)d^Vint - 4>E^J'^ ^/n^ 
P20 + 'iH{p24, +P24,) = \ E^f{n^ - n^) + (pE^^'^ ^/n^ 
p^ + 3H{p^ + p^) = \E^T{n^p - n 



dff,Vint 



(A25) 



and 

pip + '3H{pip +pip) = 4>d^Vint - ipEy^ ,Jn^ 

P2p + 3H{p2p +P2p) = -^E^r{n^ - n^) + pE^J"^ ^Jn^ 

Pp + 3H{pip +pp) - ^E^ F(n^ - n^) + (t)d^Vint 

(A26) 

Notice that the sum of the first two equations of the 
systems in eqs. (jA25P or (|A26P gives the last equation, re- 
spectively, while the sum of the last equation in eas. (jA25P 
and (|A26P gives the total energy evolution in eq. (lAlTp as 
it should due to energy-momentum conservation. 



APPENDIX B: THE POTENTIAL v{(j>) 

Let us study in more detail the properties of the po- 
tential 



^(W = 1 arctan- 

2 V 7^ / 



ml = v"{(f>) 



,2 _ Vj 



(Bl) 
(B2) 
(B3) 



where Ej = Vj^^ and / are parameters with mass di- 
mensions. The (j) mass is maximum at \(j)\ ~ / with 
~ Vj / p while v' is always negative. The asymp- 
totic expansion of the potential in ea.(|Bip for \(j)/f\ » 1 



IS 



V{(j)) - . ■ 

for 0>/ 



(B4) 



One can easily cheek that the slow roll conditions 
\v'{(j))/v{(l))\ < 1 and |w"(0)/v(0)| < 1 are satisfied in 
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the two regions cj) < -(2//7r)^/^ and > \/2. There- 
fore the region ip < — (2//7r)'^/^ is associated with in- 
flation at energies E = ~ Ej. Dark energy is as- 
sociated to the region </> > \/2 at energy E — ^Jp^ ~ 
EiU/(j)oY'^ ^ Ede =i 3 X IQ-^eV where we have cho- 
sen 0o — "v/S as the present time value of (j). We can 
flx the parameters Ej, f by imposing Sp/p — 5.3 x 10^"* 
and from dark energy density poE = SH^fljjE, this gives 
Ei ~ 100 TeV and / ~ lO'^^ eV, which gives a present 
time mass m^(to) — 10"^'^ eV which is the standard value 
for quintessence field. 

We can express the value of 4> at the generation time, 

i.e. 4>gen, in terms of 0o as 0gen = l^lp^Z] ^° (ijtr)" 
and if one choose -Egen — 1 sV one has 4>gen — 10""'^^ (f>o. 
Therefore we can also compare the value of the mass 
at the reheating, generation and present times. At re- 
heating one has (j) — f and m^{tiiH) — yVi/p, at gen- 



eration time one has (j)gen S> / and m0(ige„) ~ 




and at present time time one has (po^ f and m^{to) — 




One has m^{tjiH)/m^{tgen) ^ \/(f>gen/f > 1, 



therefore there are many orders of magnitudes of differ- 



ence between the values of at the reheating and gen- 
eration times, and this is why the reheating is obtained 
via the decay process (j) ~* (p+ip+ip of massive (p particles 
into relativistic ip particles, and the is generated at late 
times via a 2 <-> 2 process between relativistic particles. 

We can also estimate the number of e-folds during in- 
flation as = In ^ = — J^l' -^^f^dcf). During inflation 

1 /3 

one has < - {2f/ny'^ < /, therefore we can use the 
second asymptotic expansion in eq. (|B4|) to write 

Therefore if one require a minimum number of 
e-folds during inflation, inflation must start at (pi < 

1/3 

(03 _ /iV^/Tr) ~ - if/Trf^ [Nra + for 0/ ~ 

1/3 

— (2//7r) ' . Note that a reasonable number of e- 
folds Nm — 50 — 100 is easily achieved in the inter- 
val e [- if/nf^ {Nra + 2)'/' , - (2//^)'/'] of width 
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A way to account for the evolution of the universe is to 

make the following substitutions </> = E'^ij), = E^n^ 
and = E^hy,, where E = E^ — E^ = Ei/a{t) in such 

.2 



a way that the EoM read — — F (n^ 



= r (n^ — n^) (f + \pH + d4>v{4>)/E% = 0. These 
equations are totally equivalent to the system (I8I11|I if 
a{t) ~ Oi during the (p regeneration. 



